(ci,t) cross sections thus determined f o r and 9lk-1~~' a r e n e a r l y the same a s t h e i n t e g r a t e d cross sections f o r t h e " (~, p Z n ) " r e a c t i o n s a s determined by measuring t h e y i e l d of t h e product heavy isotopes i n radiochemical experiments.
A l l of the f a c t s axe consistent with a p i c t u r e of emission of high-energy t r i t o n s (whether due t o a stripping, pick-up, o r other mechanism) i n which f i s s i o n a b l e intermediate n u c l e i a r e formed mainly a t l e v e l s of e x c i t a t i o n below t h e i r f i s s i o n thresholds.
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SPALLATION-FISSION COMPETITION I N HEAVIEST ELEMENTS

Considerable information about n u c l e a r r e a c t i o n mechanisms can be obt a i n e d b o t h from radiochemical y i e l d s t u d i e s of r e s i d u a l n u c l e i and from i nv e s t i g a t i o n s of outgoing neutrons, p r o t o n s , and o t h e r s m a l l p a r t i c l e s . I n i t i a l s t u d i e s of t h e p r e s e n t seriesLi d e a l t w i t h radiochemical y i e l d s while t h e prese n t study i s t h e f i r s t t o measure t h e y i e l d of an outgoing p a r t i c l e .
I
I n t h e f i r s t paper of t h e s e r i e s radiochemically determined y i e l d s
were r e p o r t e d f o r s p a l l a t i o n products from helium-iom-induced r e a c t i o n s i n plutonium i s o t o p e s . These y i e l d s were c h a r a c t e r i z e d by t h e s i m i l a r magnitude of t h e (a,xn) and (a,pxn) type c r o s s s e c t i o n s . The more r e c e n t radiochemical ~t u d . i e s~-~ of heavy-element n u c l e a r r e a c t i o n s induced by helium i o n s of e n e rg i e s l e s s than 50 Mev a l s o have shown t h a t c e r t a i n c r o s s s e c t i o n s , p a r t i c u l a r l y t h a t f o r t h e production of t h e (ol,p2n) product, a r e t o o l a r g e r e l a t i v e t o t h o s e f o r t h e production of t h e (a,xn) product t o be explained on t h e b a s i s of a compound-nucleus, evaporation p i c t u r e i n which c h a r g e d -p a r t i c l e emission would b e and Th 232 t h e (a,p2n) r e a c t i o n i s , i n g e n e r a l , t h e mosL prominent of a l l t h e (a,xn) and (a,pxn) r e a c t i o n s observed. These c o n s i d e r a t i o n s l e d t o t h e hypothes i s t h a t t h e l a r g e v a l u e s of t h e (~x ,~i l n ) c r o s s s e c t i o n s i n t h e region of f i s s i aa b l e n u c l e i a r e due t o d i r e c t i n t e r a c t i o n of helium i o n s and t a r g e t n u c l e i i n ~r h i c h a r e produced t r i t o n s of s u f f i c i e n t energy t o o f t e n l e a v e t h e r e s i d u a l n u c l e i i n s t a t e s below f i s s i o n and p a r t i c l e -e m i s s i o n t h r e s h o l d s . I f t h i s i s bardments has been the subject of experimental investigation i n both t h e l i g h telement and heavy but non -f issionable element1' regions. The s t r i p p i n g theory of ~u t l e r ' ' has been applied by ~e w n s l~ by considering the ( d , t ) prose s s a s the inverse of s t r i p p i n g , i . e . , neutron pick-up.
For the helium-ion and n a t u r a l A U~~~ and i s o t o p i c a l l y were subjected t o the e x t e r n a l t r o n . The proton bombardments deuteron bombardments, stacked .05-mm f o i l s of pure U238, and 0 .l-mrn f o i l s of n a t u r a l Th 232 beams of the 60-inch Crocker Laboratory cyclowere c a r r i e d out on t h e Berkeley l i n e a r accele r a t o r using the same technique. In a l a t e r paper i t w i l l be shown t h a t t r iton production by these t h r e e bombarding p a r t i c l e s i s q u i t e general over t h e e n t i r e periodic t a b l e . For t h i s 'reason it was impossible t o vary t h e beam energy by imposing degrading f o i l s i n f r o n t Of t h e t a r g e t without introducing an extraneous source of t r i t o n s . Thus, only maximum-energy beams were available. The tritium was extracted by heating t h e f o i l s t o 1200 C i n a measured amount of hydrogen,carrier followed by s e l e c t i v e diffusion of hydrogen isotopes through a palladium thimble and introduction i n t o a counter tube, This apparatus i s e s s e n t i a l l y t h e same a s used by Currie, Libby, and Wolfgang, who discussed the possible experimental e r r o r s inherent i n the apparatus.
Counting was done i n the proportional region using a methane f i l l i n g of 1 atmos pressure and a p a r t i a l pressure of hydrogen of 70 .Oh a t m~ s. Counting r a t e s A . The (a,t) r e a c t i o n .
The apparent c r o s s s e c t i o n s ( a ) i n mb f o r t h e (a,t) r e a c t i o n c a l c ul a t e d on t h e b a s i s of t h i n -t a r g e t approximations a r e shown i n F i g u r e 1-A a s a f u n c t i o n of t h e mg/cmZ of gold, thorium, and uranium a s measured from t h e end of t h e s t a c k upon which t h e beam was i n c i d e n t . The number of t r i t i u m atoms found i n a f o i l , t h e number of p a r t i c l e s i n c i d e n t on t h e s t a c k , and t h e atoms p e r cm2 i n t h e f o i l were employed i n each c a l c u l a t i o n . Since t h e helium-ion beam ranges a r e 460, 485, and 500 mg ./cm2 of gold, thorium, and uranium r espectively, t h e maximum c r o s s s e c t i o n c o n s i s t e n t l y seems t o be observed a t depths i n t h e t a r g e t beyond t h e range of t h e helium i o n s . The i n t e g r a t e d * I n g e n e r a l , t h e number of t r i t o n s p e r i n c i d e n t p a r t i c l e i s 2 where f3 i s t h e t a r g e t d e n s i t y i n mg,/cm -mm, A. W , i s t h e atomic weight, and 
The s t r i k i n g r e s u l t t h a t t h e appsrent c r o s s s e c t i o n f o r t h e y i e l d of t r i t i u m i n t h e (a,t) r e a c t i o n reaches a peak i n t a r g e t f o i l s t h a t t h e beam does not reach, l e a d s , on d e t a i l e d examination of t h e d a t a , t o t h e conclusion t h a t t r i t o n s with v e l o c i t i e s comparable with those of t h e helium ions incident on t h e f o i l stack must be emitted i n forward d i r e c t i o n s . The high energy of t h e t r i t o n s (20-30 Mev from an a n a l y s i s of F i g , 1~) i n d i c a t e s t h a t f o r a l a r g e share of i n t e r a c t i o n s t h e r e s i d u a l heavy product must be l e f t i n t h e ground s t a t e o r i n a low-lying e x c i t e d s t a t e , and hence l i t t l e f i s s i o n competition i s p o s s i b l e f o r u~~~ and ~h~~~~ This conclusion t h a t t h e s e n u c l e i survive f i ssion i s given confirmation by t h e agreement seen i n Table I between the c r o s s s e c t i o n s f o r the producfiion of t h e " ( a , p~n ) " product determined by radiochemic a l methods which measure only t h e events surviving f i s s i o n , and t h e t r i t i u mproduction c r o s s s e c t i o n s . The f a c t t h a t t h e i n t e g r a t e d c r o s s s e c t i o n s f o r
tritium production a r e somewhat higher than t h e corresponding (a,p2n o r t ) c r o s s s e c t i o n s determined radiochemically may i n d i c a t e t h e presence of a spectrum of t r i t o n energies of which approximately 20% r e s u l t s i n r e s i d u a l n u c l e i being l e f t i n s t a t e s s u f f i c i e n t l y excited t o undergo f i s s i o n . The differences a s they stand, however, a r e such t
h a t it i s p o s s i b l e t h a t t h e two types. of c r o s s s e c t i o n s a r e a c t u a l l y equal. It should be noted t h a t although i t i s bel i e v e d t h a t t h e tritium a c t i v i t y c o l l e c t e d and t h e corresponding heavy f r a g -
ments observed radiochemically i n t h e main represent simply (a,t) reactions, t h e t r i t i u m a c t u a l l y may r e s u l t from ( a , t ) , ( a , t n ) , and ( a , t f ) reactions and t h e "(a,p2n)" products may r e s u l t from ( a , t ) , (a,p2n), and (a,dn) reactions.
For t h i s reason and a l s o because of the f a c t t h a t t h e experimental procedures
a r e so d i f f e r e n t , one must exercise caution i n i n t e r p r e t i n g t h e data.
A d i r e c t i n t e r a c t i o n mechanism such a s s t r i p p i n g of a proton from t h e helium ion i s suggested by experimental data presented here. I f the r e s i d u a l nucleus i s t o be l e f t i n an energy s t a t e between ground and t h e f i s s i o n t h r e s hold, the t r i t o n s must c a r r y off an energy of between (48 + &) Mev and (48 + Q -5) Mey,or approximately (35 -30) Mev i n t h e case of full-energy helium i o n s .
If t r i t i u m production i s assumed most predominant i n the f i r s t few mils of
foil, t h a t i s , with helium-ion energies g r n a t e r tkan 30 Mev a s shown by t h e radiochemical data, then t h e energy of t h e t r i t o n s four-d deep i n t h e stacked
u d i e d t h e excited s t a t e s of
t h e r e s i d u a l n u c l e i produced from t h i s r e a c t i o n i n ~u~~~ and found t h e product i o n of n u c l e i i n t h e i r ground s t a t e q u i t e prevalent. Table I shows t h a t t h e cross s e c t i o n s f o r t r i t o n production i n ( d , t ) r e a c t i o n s a r e actualky considerably l a r g e r i n ~h~~~ and U238 than i n ~u~~~ d e s
p i t e t h e f i s s i o n a b i l i t y of t h e former two. The nature of the experiments i s such t h a t t h e high energy of t h e t r i t o n s i s not a s obvious i n deuteron bombardments, s i n c e t h e range of t h e deuterons i s g r e a t e r than t h e range of t h e maximum-energy t r i t o n s so t h a t no
tritium i s found i n f o i l s beyond t h e deuteron range.
Cross sections f o r t r i t o n production i n ( p , t ) r e a c t i o n s a r e s i m i l a r ir a l l t h r e e of t h e nuclides although t h e i n t e g r a t e d c r o s s s e c t i o n s a r e s l i g h t l y l a r g e r i n t h e case of ~h~~~ and U238. . cohen1° has studied t h e ( p , t ) reaction i n beryllium and i r o n and considers it t o be a d i r e c t i n t e r a c t i o n process. Again t h e range of the t r i t o n s i s l e s s than t h a t of t h e protons, and i t i s not possible t o determine t h e range of t h e t r i t o n s by t h e present simple experimental techniques.
Thus, it has been e s t a b l i s h e d i n a q u a l i t a t i v e way t h a t high-energy t r i t i u m emission i s occurring t o an important extent i n heavy f i s s i o n a b l e and non-f i s s i o n a b l e isotopes; t h a t most, if not a l l , of t h e production of " ( a , p 2 n ) " products is accounted f o r by t h e ( a , t ) process; and t h a t t r i t i u m emission r eactions proceed a t these energies through a mechanism not involving formation of a compound nucleus. The (a,t) r e a c t i o n probably proceeds by a s t r i p p i n g mechanism with a high-energy t r i t o n emergent i n t h e forward d i r e c t i o n . On t h e b a s i s of t h e i r l a r g e production cross s e c t i o n s t h e t r i t o n s from t h e ( d , t ) and ( p , t ) r e a c t i o n s would a l s o appear t o be generated by a mechanism circumventing compound-nucleus formation,and probably represent examples of "pick-up" r e a c -
, which i s t h e generally accepted order of i n c r e a s i n g ease of t h e processes, helium-ion s t r i p p i n g , double neutron pick-up, s i n g l e neutron pick-up.
A t t h e present time, independent determinations of t h e range and aogul a r d i s t r i b u t i o n of t r i t o n s produced i n t h e s e v a r i o u s r e a c t i o n s a r e under i nv e s t i g a t i o n i n t h i s laboratory and w i l l be reported s h o r t l y .
Thks p r o j e c t was performed under t h e auspiees of t h e U.S. Atomic Ehergy commission. Appreciation i s expressed t o t h e crews of t h e 60-inch cyclotron and t h e l i n e a r a,ccelerator f o r t h e i r a s s i s t a n c e . Assuming a counting e f f i c i e n c y of 100%.
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